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Torsional vibrations present in the drive train excited by turbulent winds or grid disturbances (often manifesting as voltage sags) can produce severe stresses on the components of wind turbines. This study presents a damping method for the rotor side converter of a doubly-fed induction generator (DFIG) based wind turbine to improve system damping during small grid disturbances. Within the damping strategy, torsional damper is included into the power loop of the rotor side converter to provide damping for the system. During vibrations, a well designed low-pass filter (LPF) is employed by the torsional damper to extract the dynamics of the generator speed and to generate a damping signal, added to the power reference. As a result, auxiliary real power will be generated and injected into the system to damp the vibrations. To demonstrate the proposed damping approach, the small signal stability model of a wind turbine connected to an infinite bus system is presented and the eigenvalue analysis is conducted to verify the damping effect introduced by the torsional damper. In the case study, grid voltage sag at the point of common coupling (PCC) is applied to excite the torsional vibration of the wind turbine shaft. The validity and effectiveness of the proposed damping approach are testified by using the simulation results against theory analysis.






In recent years, the grid integration of wind energy has been growing rapidly all over the world. Due to the performance of better energy capture and lower loading, variable speed wind turbine systems with power electrics interfaces have been gained much interests1,2. The commonly used variable speed generators are doubly fed induction generators (DFIG) and permanent magnet synchronous generators (PMSG). Since the power converter for a DFIG only needs to be rated to handle the rotor power, DFIGs account for a large share of variable speed wind turbine systems3,4. However, one main challenge of such system is the unreliability of gearboxes, which must withstand cumulative and transient loads for over a period of 20 years5. The torsional vibrations in a wind turbine shaft, which can be excited by turbulent winds or grid faults and disturbances, can result in significant stresses and fatigue on the gearboxes5,6. In addition, the torsional vibrations present in the mechanical components can be transmitted to electrical power oscillations, leading to potential resonances between wind turbines and the power system. In this context, it is very important to damp these vibrations. Particularly for DFIG-based systems, there is a higher risk of exciting torsional vibrations from grid side because the stator is connected directly to the electrical grid7.
Although it may be possible to provide some damping mechanically, such as pitch-scheduled damping8, there is a cost associated with it. Another solution, which has been successfully adopted on many turbines, is to include a suitably designed damper into the generator torque control9. Licari J.10 and Avagliano11 have described a vibration damping technique based on the torque controller. Licari also indicated that the effectiveness of a conventional band-pass filter (BPF) based damper can be compromised due to parametric uncertainty. The model-based damper thus was proposed to overcome this shortcoming. However, these studies mainly focused on the torsional vibrations caused by turbulent winds. It has been reported that power system disturbances (a voltage sag from the grid is the most common disturbance we met in wind turbines in reality12,13) can affect not only the electrical dynamics of a wind turbine, but its mechanical performance, especially torsional vibrations14,15,16.
This study is targeted at the suppression of torsional vibrations caused by small electrical disturbances from the grid side in a DFIG based wind turbine system. It is noted that some protection circuits such as crowbar and dc-link chopper will not be triggered in the case of small grid disturbances, where the electrical behavior of a DFIG, unlike the case short circuit fault, was not dramatically changed. Therefore, the impact of protection circuits on the system damping was not considered in this study. The proposed damping strategy is based on the decoupled active and reactive power control for a generator17. Since the torsional vibrations in the drive train are essentially active power oscillations, the system damping can be improved by adding a counteracting power (damping power) to the active power reference of the rotor side converter during the vibrations. This is accomplished by including a torsional damper to extract the ripple of generator speed and generate a damping power, which has opposite phase compared to the shaft vibrations.
The remainder of the paper is organized as follows. Firstly, Small signal stability model of a one wind turbine to an infinite bus system was developed based on the previous work18. The ee-mass shaft model was first derived to represent the mechanical rotational system. The induction generator model and the back-to-back converter model together with the torsional damper were built respectively. In addition, the transmission line between the wind turbine and supply system were also taken into consideration. It was followed by modal analysis of the whole system to illustrate how the torsional damper improves the system damping. Finally, simulations were performed in Simulink to evaluate the performance of the proposed damping strategy on damping the shaft vibrations caused by small electrical disturbances.
II. 	Small signal stability model of grid-connected wind turbine

Fig. 1 Block diagram of the DFIG based wind turbine model
To investigate the vibration modes of the whole system, each small-signal sub-model will be separately built according to our previous work18 and Ping Ju’s work19. The contribution in this work dedicated to rotor converter modelling, within which the damping control loop is added. The damper employed a second order low-pass filter to extract the vibration signal of generator speed and to generate a damping signal.
The schematic diagram of the studied system is presented in Figure 1, where the wind turbine driven doubly fed induction generator is connected to the infinite bus system through a transmission line. The one wind turbine to infinite bus system consists of a three-mass shaft, an induction generator, a rotor side converter, a grid side converter, and a transmission line. Due to the relative size of the infinite bus, the dynamics associated with the wind turbine will cause virtually no change in the voltage and frequency on the infinite voltage source20. The impedances of the transformer and infinite bus system are then integrated into an RL line for reducing the order of the system. Based on the above assumption, the small signal stability model of each part is presented as follows. All parameters of the wind turbine system are provided in Appendix.
A.	Three-mass shaft model
The wind turbine drive train generally comprises a windmill blade, a low-speed shaft, a gearbox, a high-speed shaft and a generator rotor, and it is usually represented by two-mass model 21,22. However, the two-mass model is not appropriate for transient stability studies, such as torque oscillations, that may interact with the electrical system23. It will lose one of the drive train natural frequency modes by neglecting the inertia of shafts or gearbox wheels. Particularly, when designing the torsional damper, it is important to consider both frequency modes to ensure that they are adequately damped6. A three-mass model is therefore employed in this study.
Within the three-mass model, the inertia of the gearbox is shared between the low-speed shaft (LSS) and high-speed shaft (HSS), and the inertia of the high-speed shaft aggregates the inertia of the generator18. Thus, all three masses correspond to the mass moment of the inertia of blades , low-speed shaft  and high-speed shaft , respectively. By taking into account the stiffness and the damping factors for both shafts, the dynamic equations converted into the high-speed shaft can be written as
		(1)




where  is the air density;  is the turbine swept area;  is the wind speed;  is the wind turbine angle speed;  is the power coefficient, which is a function of the pitch angle  and the tip-speed ratio ;  is the wind turbine blade radius;  is the blade design constant coefficient. As we focus on the case where torsional vibrations are caused by electrical disturbances, the aerodynamic torque is mainly to initiate the torque transmitted to the drive train model and we assume that the wind turbine is operated at rated wind speed with the fixed pitch angle .
B.	Induction generator model




where  and  are d and q axis stator voltages;  and  are d and q axis rotor voltages;  and  are stator and rotor resistances;  and  are the d and q axis stator flux;  and  are the d and q axis rotor flux;  and  are the d and q axis stator currents;  and  are the d and q axis rotor currents;  is the mutual inductance;  is the stator self-inductance;  is the rotor self-inductance;  is the stator flux angular velocity;  is the slip angular velocity;  is the number of pole pairs.
C.	Rotor side converter model equipped with torsional damper
(1) Decoupled control strategy for rotor side converter
The rotor side converter aims to control the output active power to track the input of the wind turbine torque. The decoupled control strategy is used for the DFIG system to regulate its output power17. When the d axis of the rotating frame is fixed on the stator flux, the stator flux, therefore, is described as
		(7)
and  becomes zero, whereas  is equal to the magnitude of the terminal voltage. The active and reactive power are24,25
		(8)
Rearranging equation (7) gives
		(9)
By combining equation (4) (8) and (9), we have26
		(10)
		(11)
with . Thus, the active power and reactive power are independently controlled by regulating  and  via the rotor side converter.
(2) Design of torsional damper
In order to provide adequate damping during vibrations, it can be achieved mechanically by means of appropriately designing rubber mounts and coupling. However, there is a cost associated with this27. Another solution is to modify the active power control loop by including a torsional damper to provide some damping. As employed in the analysis of previous work29, Bode diagram is again very useful to illustrate how the torsional damper improves the system damping. The block diagram of power closed loop including the torsional damper is shown in Figure 2.

Fig. 2 Power closed loop including the torsional damper
When vibrations occur in the drive train, small ripples can be observed in the generator speed according to
		(12)
This ripple will be extracted by the filters of the torsional damper, e.g. low-pass filter (LPF) in this study. The structure of the LPF-based torsional damper is shown in Figure 3, which employs a general 2nd-order LPF.

Fig.3 LPF-based torsional vibration damper
 is the amplification coefficient. The transfer function of the LPF is given by
		(13)
where  is the cut-off frequency;  is the damping ratio. Too large or too small damping ratio will lead to overshoot or delay of the filter response29. Here  is set as 0.707 to produce a smooth Butterworth response. The cut-off frequency of LPF is set much lower than any vibration mode frequencies to ensure that only the dc components can pass through. This dc signal is then subtracted from the measured generator speed to obtain the ripple information. It is then followed by the amplification coefficient , and thus, an auxiliary active power is generated and added to the active power reference29. The transfer function of the torsional damper is therefore given by
		(14)
It is noted that the 2nd-order LPF is also used to correct for the phase error of the generated damping power, so that the phase is adjusted to mitigate the effect of resonance to avoid introducing a negative damping to the system. In addition, it is reasonable to suppose that the response delay of the torsional damper is negligible compared with the time constant of the power control loop of the rotor side converter. Figure 4 presents the Bode plots for the power closed loop equipped with LPF-based damper, shown in Figure 2. All the transfer functions and control parameters are given in Appendix. In the magnitude response curve of the three-mass model, two peaks can be observed around 3 Hz and 14 Hz respectively. These are two vibration mode frequencies of the drive train to be damped. After the introduction of the torsional damper, the two-mode frequencies are effectively damped. The closed loop also presented the correct phase characteristic which ensures to generate a counter-effect power against the torque oscillations.

Fig. 4 Bode plot for the power closed loop with proposed LPF-based damper

(3) Small-signal model of rotor side converter
To build the small-signal model of the rotor side converter equipped with torsional damper, a generic control law  is introduced to include the feedback term. For, the torsional damper is activated and for, it is blocked.

Fig.5 Control diagram of the rotor side converter equipped with torsional damper
The control block diagram of rotor side converter equipped with auxiliary damping controller is shown in Figure 5. By introducing the intermediate variables  and , the model of the torsional damper can be expressed by the following equations
		(15)
By introducing variables, ,  and , the state equations of the decoupling control in Figure 5 can be obtained.
		(16)
Therefore the output of the rotor side converter is as follow.
		(17)
D.	Grid side converter model
The dc-link voltage is maintained by controlling the grid-side converter using the decoupled d-q vector control, with the d-q frame oriented along the stator voltage vector position28. We assume that the direction of the inductor current flowing into the converter is positive and therefore the voltage balance across the inductors in voltage vector oriented d-q frame is
		(18)
where  and  are the d and q stator voltages;  is the stator voltage angular velocity;  and  are the coupled inductance and resistance;  and  are the d and q axis output voltages of the converter;  and  are the d and q axis currents. 
The dc-link is controlled by  while the reactive power is controlled by . With introducing variables,  and, the grid side converter model can be expressed by the following equations based on Figure 6
		(19)

Fig.6 Control diagram of the grid side converter
The output variables of the grid side converter is given by
		(20)
E.	dc-link model
The dc-link model can be obtained according to that the active power flow through the converters is balanced, given as follows19
		(21)
where C is the capacitance of the capacitor;  is the dc-link voltage, defining its positive direction as discharge direction.
F.	Transmission line model
For study convenience, the lumped parameter model is used and the transmission line is represented by the equivalent of a three-phase balanced RL line. The differential equation of phase k (k=a,b,c) is
		(22)
where  and  are the voltage drop and current of the RL line;  is the equivalent inductance;  is the equivalent resistance. Thus, the differential equations expressed in the synchronous rotating d-q frame produce the transmission line model.
		(23)
where  and  are the d and q axis voltages;  and  are the d and q axis currents;  is the synchronous rotating velocity.
G.	Small signal stability model of a DFIG wind turbine system




The equation (24) is a compact form of the union small signal stability model based on the equations above, where  is the state variables,  is the output variables, and  is the input variables.
III.	Modal analysis of the wind turbine shaft
Based on the small signal model, the eigenvalues of a state matrix can be calculated. As already employed in work18, participation factors of state variables are again very effective to disclose the relationship between the modes and vibrations. To investigate the damping effect of the torsional damper, only the eigenvalues associated with the shaft vibration variables, i.e. , are considered in this study. Other oscillation modes will not be discussed, as they are either inherently well damped or have no association with the torsional vibration. The operating conditions of the wind turbine system as well as the parameters of the three-mass shaft, induction generator, back-to-back converter together with its controller are listed in Appendix.
Table 1 presents all oscillation modes of the system without a torsional damper. The participation factors associated with the state variables of the drive train shaft are shown in Table 2. The elements in bold indicate that the eigenvalues are highly sensitive to the corresponding variables. It can be seen that the oscillation modes of ,  and  have no relation to the shaft state variables, since their participation factors are zero. The shaft torsion angle  and shaft speed  mainly affect , which is also associated with  and  of the high-speed shaft to some extent (with the participation factor of 0.0283). Therefore,  denote a mechanical oscillation mode, and its corresponding frequency is 14.576 Hz. In addition, there is no obvious correlation between oscillation mode  and mechanical vibrations (with the participation factor 0.003 and 0.007). This oscillation mode is well damped, with its damping ratio of 3.607.  is also of interest because they are associated with all mechanical shaft variables, but mainly affected by  and , i.e. the torsion angle and speed of high-speed shaft (with participation factor of 0.4501). Accordingly,  denote another mechanical oscillation mode with the corresponding frequency of 2.823 Hz. Thus, the natural vibration frequencies of the three-mass shaft model are 14.576 and 2.823 Hz.

















Based on the above discussion, it can be seen that there is a significant correlation between shaft variables and , . To investigate the damping effect introduced by the torsional damper, the eigenvalues of the same system but equipped with the torsional damper are calculated and shown in Table 3. It can be seen that the negative real parts of , decreased differently. The torsional damper contributes little to improving the damping of , from 0.025 to 0.026. However, for the low-frequency mode , the damping ratio has increased from 0.005 to 0.065, indicating great improvement in shaft vibration damping.










In order to test the performance of the proposed damping approach, the system shown in Figure 1 was implemented in Simulink. The back-to-back voltage source converter is modeled with ideal switches and employs a two-level topology. The parameters of converters and controllers are given in Appendix.
Table 4 Cases of grid voltage sag






Voltage sag at PCC, considered as a small electrical disturbance, was applied to the system to excite the vibration modes of the drive train shaft. The cases of three-phase as well as single-phase grid voltage sags are taken into account, illustrated in Table 4. The LSS torque , the generator speed , the stator active power  and the rotor current are recorded for evaluating the damping performance.
Figure 7 shows the stator and dc-link voltage during voltage sag for case 1. The stator voltage decreased to 0.9 p.u. at 1.0s and recovered to rated value at 1.1s. During this period, the dc-link voltage presented large fluctuations due to the increasing charge and discharge current of the capacitor, to maintain the dc-link voltage. It can be seen that the behavior of the dc-link voltage with () and without () torsional dampers coincided well with each other. It is because the control of the grid side converter was not affected by the introduction of the torsional damper in the rotor side converter.

Fig. 7 Stator and dc-link voltage for case 1

Fig. 8 LSS torque and generator speed for case 1
Figure 8 presents the dynamic response of the LSS torque and generator speed to three-phase voltage sag for case 1. The red curve denotes the case without the torsional damper. At 1.0s the LSS torque starts to oscillate between 0.99 and 1.01 p.u., and it is damped thereafter several seconds. In addition, two mechanical oscillation modes of the wind turbine shaft can be observed in the LSS torque. Compared with the situation without the damper, the black curve representing the system equipped with the damper presents better damping feature. It demonstrates a significantly reduced oscillation and the system quickly recovers to its steady state. Moreover, in the first half period of the variations in Figure 8, the level of oscillations with damper are nearly the same as the one without damper, which means the first half torsional variation period is the delay of the filter. After this first half period, the damper becomes clearly effective. So the problem of delay caused by the use of the filter can be neglected. The generator speed shows similar response to that of LSS torque. Moreover, the frequency spectrum of  shown in Figure 9 verifies the damping effect of the torsional damper. It can be seen that the damping system exhibits a good performance on both vibration frequencies, particular on the low-frequency mode. The simulation results match well with the eigenvalue analysis.

Fig. 9 Frequency spectrum of LSS torque for case 1

Fig.10 Dynamics of rotor current (phase a in rms p.u.) for case 1

Fig.11 Stator active power for case 1
To explore the mechanism of the vibration damping system, the transient rotor current and stator active power are illustrated in Figure 10 and 11, respectively. It is assumed that the wind turbine system is operated under constant torque and the reference power of the rotor side converter remains constant during small electrical disturbances. In Figure 10, when voltage sag happens at 1s, the rotor current starts to increase to meet the active power demand, as illustrated by Equation (8). After the clearance of grid disturbances, the rotor current begins to decrease and the ripple of the generator speed extracted by the torsional damper is used to generate damping power, which is added the reference active power. This additional power produces an auxiliary reference rotor current, called damping current as an overshoot displayed in Figure 10. This mechanism enables the wind turbine system to quickly recover to its steady state after grid disturbances. Similar damping effect can be observed in stator power, as displayed in Figure 11. For the system without the torsional damper, the active power oscillations last for several seconds; while the torsional damper generates auxiliary damping power effectively to suppress the oscillation at the very beginning of the vibrations.


Fig. 12 LSS torque and generator speed for case 2

Fig.13 Stator active power for case 2
In addition, the scenario of asynchronous electrical disturbance is also investigated to test the damping system. Figure 12 plots the LSS torque and generator speed under single-phase voltage sag for case 2. Although the oscillations for the system without damper tend to be stronger and longer than those of synchronous disturbance, the proposed damping approach is also able to damp the vibrations quickly and effectively. Figure 13 shows the damping effect on stator power under asymmetric voltage sag (case 2). The performance of the damping loop is not compromised for asymmetric sags. By generating additional active power at the start of the asymmetric sags, the power oscillations are significantly suppressed within 0.5s, while for the case without a damper, the oscillations will last for more than 3s. Although there are oscillations with second-order harmonic for the asymmetric case, the low-pass filter based damper is capable of extracting them. It can be seen that the damping performance of the proposed method is satisfactory for both symmetric and asymmetric cases.

Fig. 14 LSS torque and generator speed for case 3

Fig. 15 LSS torque and generator speed for case 4
Besides, worse scenarios of voltage sag at 0.85 p.u. for three-phase and single-phase (case 3 and 4) are simulated as well, shown in Figure 14 and Figure 15. The time of disturbances in Figures 12, 14 and 15 is the same as the case one, i.e., from t=1 to 1.1s, as added in Table 4. As the voltage further decreases 5 percent, the vibration amplitude of LSS torque and generator speed become larger, and meanwhile the recovery time lasts longer. Nevertheless, the damping system presents satisfactory damping effect for all occasions. The delay problem of the filter can also be neglected in Figures 12, 14 and 15. It is noted that for even worse voltage conditions, e.g. short circuit fault, different control methods must be used, which is beyond the scope of this study.

V.	Conclusion
The novelty of this article is to damp the torsional vibration effectively by only employing a low-pass filter based damper into the rotor side converter control loop. The damper is easy to design and generally adaptable to a variable speed wind turbine. During the vibrations, the damping loop presented quick response and has satisfactory performance to suppress torsional vibrations caused by grid disturbances.
Through modal analysis of the union small signal stability model, it was found that the damping (negative part) of the eigenvalues associated with shaft vibration modes increased due to the introduced torsional damper, particularly for the low-frequency mode. Simulation results were consistent with theoretical analysis, demonstrating the system damping was significantly improved by introducing the torsional damper. For the system equipped with a torsional damper, the generated auxiliary power and current greatly contributed to restoring the steady state of wind turbine systems. Furthermore, the proposed method was capable of damping the drive train vibrations for both symmetric and asymmetric cases. The filter also shows rapid response speed in all the simulation cases, which means the delay problem of the filter can be neglected.
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Appendix 
A: Wind turbine parameters
Wind turbine: rated wind speed =12 m/s, rated rotor speed=18.1 r/s, blade length= 40.25 m, blades=3.
Induction generator: power rating=2 MW, stator voltage=690 V, pole pair=4, frequency=50 Hz, stator resistance R1=0.0234 Ω, rotor resistance R2=0.0013 Ω, stator dq axis self-inductances Ld1=Lq1=L1=4.595 mH, rotor dq axis self-inductances Ld2=Lq2=L2=4.575 mH, mutual inductance Lm=4.5mH.
Three-mass model (transferred to high speed side): J1=2901.8 kg·m2, J2=20 kg·m2, J3=121 kg·m2, K1=6.59104 N·m/rad, K2=9.22104 N·m/rad, gearbox ratio N=47:1.
B: Converter and controller parameters
Converter parameters: dc-link voltage=1200V, capacitor=20000μF, grid side coupling inductance Lg=1mH.
Rotor side controller: power controller Kp=0.02, Ki=0.01; current controller Kp=0.02, Ki=0.01.
Grid side controller: voltage controller Kp=18, Ki=1; current controller Kp=50, Ki=2.
LPF-based damper: gain K=1.68105 N·m, cut-off frequency ωc=2π rad/s.
C: Transfer functions in the power closed loop of Figure 2
Power controller: , 
Current controller: 
ASM(see (11)): 
Equivalent inner loop: 
Electromagnetic torque to q-axis rotor current:
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